[1] Glacioclimatological research in the central Tien Shan was performed in the summers of 1998 and 1999 on the South Inilchek Glacier at 5100-5460 m. A 14.36 m firn-ice core and snow samples were collected and used for stratigraphic, isotopic, and chemical analyses. The firn-ice core and snow records were related to snow pit measurements at an event scale and to meteorological data and synoptic indices of atmospheric circulation at annual and seasonal scales. Linear relationships between the seasonal air temperature and seasonal isotopic composition in accumulated precipitation were established. Changes in the d
Introduction
[2] Understanding the relationships between atmospheric circulation patterns and regional climates in the midlatitudes of Asia is an important aspect of improved assessment, simulation and forecasts of climate and water resources. However, documenting and characterizing the variability of atmospheric dynamics over time periods spanning many decades or centuries is difficult because of the shortness of instrumental records. Fortunately, well-dated, high-resolution ice core records from glaciers in temperate regions provide the opportunity of extending the climate records over thousands of years. Changes in atmospheric circulation [Mayewski et al., , 1998 Alley et al., 1993; Taylor et al., 1993; Legrand and Feniet-Saigne, 1991] , and seasonal variations of accumulation of snow and air temperature [Dansgaard et al., 1993; Cuffey et al., 1995; Shuman et al., 1995; Aizen et al., 1996; Jouzel et al., 1997; Naftz et al., 2002] can be determined. Profiles, based on physical (e.g., visible stratigraphy), stable isotopic (oxygen and deuterium) and chemical analysis of ice cores, are the basis of the environmental records. Stable isotope ratios reflect evaporative conditions at the source of the moisture, distillation history of the air mass, re-evaporation of moist air during transport, precipitation and condensation temperature. Major ion concentrations in snow and ice can be used to infer the location of sources and deposition of aerosols.
[3] Examination of recent data helps to interpret ice core records and thereby establish their links with climate dynamics. Therefore the main purposes of our study on the Inilchek Glacier in the central Tien Shan are to analyze modern climate records produced during the 1990s and to quantify the links between the firn-ice core profiles and meteorological variables and synoptic patterns.
Study Region
[4] Glaciological investigations presented in this study occurred in 1998 and 1999 on the northern tributary of (Figures 1 and 2 ). This glacier was identified as a suitable location for recovery of firn-ice cores and subsequent development of climatic records for the following reasons: First, the large snow accumulation area located from 5100 m to 5150 m has gently sloping surfaces covering an area of approximately 12 km 2 . The low wind speeds and absence of snow redistribution by avalanches at the accumulation area provide favorable conditions for the accumulation of undisturbed, horizontal layers of snow. Erosion, ripples or sastrugis on snow surfaces were not observed there.
[5] Second, the location of the Tien Shan on the northwestern margin of the central Asian mountain system provides an opportunity to develop records related to major circulation systems such as the westerly jet stream and the Siberian High. The choice of a northern site complements earlier records [Mayewski et al., 1984; Thompson et al., 1995 Thompson et al., , 2000 Yao and Thompson, 1992; Yao et al., 1995 Yao et al., , 1996 Yao et al., , 1999 from central Asia influenced dominantly by the southeastern Asian monsoon.
[6] Third, a hydrometeorological data set from the Tien Shan and extensive synoptic information for several decades exists [Hydrometeo, 1968 [Hydrometeo, , 1980 [Hydrometeo, , 1990 [Hydrometeo, , 1993 (see also http://www.webpages.uidaho.edu/~aizen/). These synoptic Figure 3 . Snow stratigraphy, snow density, and layers of six precipitation events in pit 2 at 5100 m on the Inilchek Glacier (obtained in 1998) . Boundary between the snowfalls was resolved by distance from the top to a precipitation event (Tables 5a and 5b ) and firn-ice radiation crust. and hydrometeorological observations provide sufficient data for detailed climatological analyses and the results can be used for interpretation of firn-ice core records.
Methods and Data Sources

Ice Core Sampling
[7] Field measurements were made in summer 1998 and a 14.36-m firn-ice core (1998 core) was taken at 5100 m [Kreutz et al., 2001] in the accumulation zone of the Inilchek Glacier (Figures 1 and 2 ). In 1998, snow samples were collected every 3 to 5 cm from eight 2 to 3 m snow pits dug in the snow accumulation area. The snow-firn stratigraphic profiles were described in the 2 m snow pit at 5100 m in 1998 (Figure 3 ) and in the 16 m firn-ice crevasse in 1999 (1999 crevasse) (Figures 4 and 5) at 5070 m at the edge of the accumulation area (Figure 1 ). The snow-firn density was measured every 5 cm in the 2 m snow pit (Figure 3 ) and in the firn-ice 1999 crevasse (Figures 4 and 5) . The outer 0.5 m of the 1999 crevasse wall was stripped away before stratigraphic analysis and density measurements ( Figure 5 ). From the stratigraphic analysis of the snow pit ( Figure 3 ) and 1999 crevasse (Figure 4) we found no sign of water percolation, and melt index had values below 5% [Koerner and Fisher, 1990] . Furthermore, the Inilchek Glacier accumulation area is a cold recrystalization zone [Aizen et al., 1997] and is shaded from sun most of the day by three high ridges with elevations over 6500 m (Figures 1 and 2 ). Positive air temperatures were not observed at the drilling site during the summers 1989 or 1990 [Aizen et al., 1997 , 1999 [Aizen, 2001 . The temperatures in the borehole were from À5 to À10°C at 1 m below surface to À16°C in 30 m depth at the 5100 m elevation drill site [Aizen, 2001] .
[8] The 1998 core processed at the University of New Hampshire (UNH) was done in a dedicated cold room (temperature <À12°C) using established techniques for ultraclean sample preparation. Frozen 18 mW water blanks were run through the entire system. Upon melting, an aliquot (10 ml) of sample was removed, refrozen, and shipped frozen to the University of Maine for oxygen isotope (d 18 O) analysis. A VG-Fisons Sira Series II mass spectrometer fitted with dual inlets, triple collectors, and mated to an automated CO 2 equilibration device was used for analysis (precision ±0.05%). Sample ratios were reported relative to standard mean ocean water (SMOW). 1998 firn-ice core samples were melted immediately prior to ion chromatographic analysis at the UNH for watersoluble inorganic ion composition. Anion (Cl À , NO 3 À , SO 4 2À ) and cation (Na + , Ca 2+ , K + , Mg 2+ , NH 4 + ) analyses were performed via suppressed ion chromatography (Dionex 4000). Cations were analyzed with a CS12 column, 125 mL loop, and 20 mM MSA eluent. Anions were analyzed with an AS11 column, 75 mL loop, and 6 mM NaOH.
[9] Snow pit samples were collected in precleaned plastic bottles and melted at field camps. Laboratory analysis was conducted in the University of California, Santa Barbara. The concentration of chloride, nitrate and sulfate was measured by ion chromatography (Dionex 500 using AS14 separation column and conductivity detection). Calcium, magnesium, sodium and potassium were analyzed with a Varian AA6 atomic absorption spectrophotometer. Acid neutralizing capacity was measured with Gran titration.
Meteorological Data
[10] Meteorological data (i.e., annual, seasonal, monthly, daily and hourly air temperatures and precipitation) from thirty high-elevation stations located at elevations up to 4100 m are available within a radius of 250 km of the drilling site. Additional meteorological data (i.e., seasonal, monthly, daily and hourly air temperatures, precipitation and ice borehole temperatures) were obtained at altitudes from 3600 to 6200 m at the South Inilchek Glacier during field seasons of 1989 and 1990 [Aizen et al., 1996 [Aizen et al., , 1997 and of 1998, 1999 and 2000 [Aizen, 2001] . Data from the Tien Shan meteorological station (41°55 0 N, 78°14 0 E), located 150 km west of the Inilchek glacierized massif at 3614 m, had the highest correlation with the air temperature and snowfall measurements on the South Inilchek Glacier. Observations of local snowfall on the South Inilchek Glacier during summer and precipitation measured at the Tien Shan weather station covaried [Aizen et al., 1997] . Data from the Tien Shan station were checked for homogeneity, inspected for the presence of random errors and were plotted for periods with missing observations following recommendations by Easterling et al. [1995] .
[11] Classification of synoptic patterns. Monthly data for the period 1969 -1998 on the frequency of synoptic patterns observed in the Tien Shan Mountains are available [Hydrometeo, 1968 [Hydrometeo, , 1980 [Hydrometeo, , 1993 (see also http://www. webpages.uidaho.edu/~aizen/). Bugaev et al. [1957] and Subbotina [1995] identified fourteen types of macrosynoptic processes for central Asia based on data derived from synoptic maps. This classification was based on the probability of different synoptic conditions tracking the main troposphere airflows, e.g., cyclonic and anticyclonic flows at the surface and at 500 mb. The analysis of synoptic maps occurred four times each day (0100, 0700, 1300 and 1900), and the number of events at daily, monthly and annual frequency for each type of synoptic pattern were determined. The classification was adopted by the former USSR Academy of Science [Dzerdzeevski, 1974] , WMO and described by Il'inova et al. [1965] , and Barry and Perry [1973] , and presented in the manual from Hydrometeo [1986] . The central Asian Prediction 
Results
Annual Accumulation
[12] To determine the seasonal distribution in snow accumulation and oxygen isotopic and major ionic content in the 1998 firn-ice core a relationship (equation (1)) between annual net accumulation (A c , mm of water equivalent) on the Inilchek Glacier and precipitation (P, mm) measured at the Tien Shan meteorological station was developed based on the age of annual layers in the 1998 firn-ice core [Kreutz et al., 2001] (Figure 6a ), a stratigraphic profile (Figures 3 and 4) and density profile in a snow pit (Figure 3 ) and the firn-ice 1999 crevasse (Figure 4) . The 14.36 m depth density profile (Figure 6b ) combines density measured in the upper 2 m in snow pit 2 (Figure 3) , where the 1998 firnice core was drilled; the lower 12.36 m part of density profile was obtained from the 1999 crevasse starting from the summer 1997 layer (Figure 4 ). Based on these data, the mean annual snow accumulation for the period from 1992 to 1998 was found to be 1164 mm ( Figure 6c and Table 1) .
Standard errors of annual snow accumulation obtained from 1998 firn-ice core records and annual precipitation observed [Kotlyakov, 1998] and with the current long-term average elevation of the glacier equilibrium line at 4476 m [Aizen et al., 1997] .
[13] Equation (1) was evaluated using stratigraphic records obtained from eight snow pits. As an example, we present data from snow pit 2 obtained on 7 August 1998 ( Figure 3 ) where a dense layer of summer firn-ice layer was observed 1.05 m from the top. In 1998 the highest air temperatures at the Inilchek accumulation area occurred on 10 July based on meteorological records from the Tien Shan station. The total amount of precipitation observed at the Tien Shan station from 10 July to 7 August 1998, was 38 mm, which is equivalent to 411 mm at 5100 m on the Inilchek Glacier based on equation (1). Observations of snow density and thickness from snow pits indicated that, total accumulation from the surface (7 August) to the dense firn layer (10 July) was only 20 mm less than that calculated by equation (1). Uncertainty in equation (1), based on the snow pit records, was 5%.
[14] The mean annual snow accumulation for the period from 1992 to 1998 reported by Kreutz et al. [2001] was 1463 mm at 5100 m. This amount is larger than our estimate of 1164 mm (Table 1) . To determine the proper snow accumulation for the period with 1998 firn-ice core records, we analyzed data from the Tien Shan meteorological station for two periods: 1969 to 1991, as a longterm average, and 1992 to 1998, the period with 1998 firn-ice core records. For the summer periods from 1992 to 1998, mean air temperature was as much as 1.1°C above the long-term average, and as much as 4.6°C lower during cold seasons ( Figure 7a ). Annual precipitation during the period with 1998 firn-ice core records was, on average, 81 mm (26%) lower than the longterm average (Figure 7b ) mainly because of a decrease in summer precipitation. According to data from Hydrometeorological Bureau [1958 -1974] ; Dikih [1993] , Aizen et al. [1993 Aizen et al. [ , 1996 Aizen et al. [ , 1997 and Kotlyakov [1998] , the long-term annual precipitation was about 1000 mm at 5100 m. Since there are no topographical or other factors that would significantly increase accumulation at the Inilchek Glacier, we suggest that the long-term annual accumulation corresponds to net annual precipitation of about 1000 mm at these elevations. Therefore we suggest that the 1463 mm accumulation [Kreutz et al., 2001 ] is an overestimate.
[15] Seasonal snow accumulation. Seasonal snow accumulation for the period from autumn 1992 to summer 1998 at 5100 m was calculated and then normalized by the ratio (k) between annual accumulation obtained from Average ion content in the layers of the core and snow pits; % is share of major ion content from total (S). Average ion content in the layers of the core and snow pits; % is share of major ion content from total (S).
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for evaluating seasonal accumulation in firn-ice cores were applied by Barlow et al. [1993] , Shuman et al. [1995] and Yao et al. [1999] . The corresponding annual seasonal d 18 O season compositions and annual seasonal ion concentrations were averaged as arithmetic means of every 3 -7.5 cm measured oxygen isotope ratios and major ion concentrations in each seasonal accumulation layer of the 1998 firn-ice core.
Isotopic Composition and Major Ions Content
[16] No significant postdepositional effects were apparent in the 1998 firn-ice core d
18 O record, as the signal amplitude near the bottom of 1998 core was similar to that observed near the surface. Some attenuation of the seasonal oxygen signal was noted when comparing the bottom and top portions of the records [Kreutz et al., 2001] . The mean oxygen isotope ratios for samples from the firn-ice cores were À16.8% for the period from 1992 to 1998 [Kreutz et al., 2001] and À15% for the period from 1975 to 1990 [Aizen et al., 1996] . These values are consistent with average annual air temperatures at the Tien Shan station of À7.7°and À7.5°C for the corresponding periods and differences in altitudes of precipitation (i.e., 5100 and 4100 m).
[17] The firn-snow samples from the Inilchek Glacier include the lowest ionic content among the Tien Shan's glaciers. The sum of concentrations of major ions in samples from the Inilchek Glacier averaged 195 mEq/L in [Vilesov and Shabanov, 1971; Fedulov, 1971; Kamalov, 1975; Wake et al., 1994; Kattelmann et al., 1995] . Average sulfate concentrations in snow samples (from 2.5 to 11.7 mEq/L) (Table 2b) were lower than those found by Williams et al. [1992] in the eastern Tien Shan.
[18] The dominant cation in the Inilchek Glacier 1998 firn-ice core was Ca 2+ throughout the year (Table 2a) . Major ion data from snow pit samples indicate the dominance of Ca 2+ and Na + cations and of HCO 3 À and Cl À anions (Table 2b) . Maximum ionic concentration was observed in autumn and winter samples which occurred during minimum precipitation.
[19] Maximum concentrations of sodium and chloride, and minimum concentrations of potassium, magnesium and calcium were observed in spring and summer samples (Table 2a) , during periods with maximum precipitation. High concentrations of sodium and chloride were observed also in new snow deposited during summer (Table 2b ). The maximum content of NH 4 + was observed in the summer layers of the 1998 firnice core, while NO 3 À content did not vary seasonally (Table 2a) .
Discussion
Air Temperature and Isotopic Composition
[20] The oxygen and deuterium isotopic composition of precipitation is determined by several factors including the temperature of condensation [Kendall and McDonnell, 2000] , the physical conditions (e.g., humidity and air/sea temperatures) at the moisture source [Merlivat and Jouzel, 1979; Froehlich et al., 2002] , the trajectories of air masses (e.g., distance from a source of moisture, height and latitudes of moving air masses) and observed differences in precipitation events (e.g., air temperatures, amount of precipitation, air humidity, snow wind storm) at an individual site [Dansgaard, 1964; Siegenthaler and Oeschger, 1980; Jouzel et al., 1997] . Deuterium isotope ratios were not measured in the current study; therefore the inferred locations of the moisture sources were based on the analysis of oxygen isotope ratios and major ion contents.
[21] Because air masses with higher temperatures are characterized by relatively heavy d
18
O isotopic ratios [Yao and Thompson, 1992; Lin et al., 1995; Yao et al., 1995; Aizen et al., 1996] , we compared the highest d
18 O values (Figure 6a ) with monthly maximum air temperatures, which were observed in July during the summers from 1992 to 1998 at 5100 m. We compared seasonally averaged isotopic ratios from the firn/ice layers with seasonal air temperatures. Air temperatures were calculated from observations at the Tien Shan station and by assuming an average altitudinal gradient in air temperature of 0.54°C per 100 m [Aizen et al., 1997] .
[22] The relationships between highest or seasonal d
18 O max, season values and maximum or seasonal mean air temperatures vary and depend on the synoptic conditions during precipitation (Figure 8 ). The main synoptic pattern that brings moisture to the central Tien Shan is the influx of air masses entering from the west (10th type), which has the highest correlation with precipitation (up to 0.72, Table 3 ) and maximum number of events ( Figure 7c and Table 4 ). Western cyclones (type 14) are also significantly associated with precipitation (Table 3 ). The dominance of either the 10th or 14th synoptic process (Table 4) produces two relationships between the maximum d 18 O in the annual layer and maximum monthly air temperatures (Figure 8a ). Relationships between seasonal mean oxygen composition (d 18 O season ) averaged in the 1998 firn-ice core layers and seasonal mean air temperatures for the period from 1992 to 1998 ( Figure 8b ) were also obtained.
[23] More negative d
O values were observed during influxes of air masses from the west (Figure 8 ; f 10 > f 14 ) than during western cyclones (f 10 < f 14 ). For example, during July of 1992, 1996, 1997 and 1998 the main Boldface emphasizes the prevalence of the 10th and 14th synoptic patterns. Figure 9 . Daily air temperatures (T,°C), precipitation (P, mm), and synoptic pattern (SP) observed at the Tien Shan station from 10 July to 7 August 1998. D08304 AIZEN ET AL.: ICE CORE GLACIOCLIMATOLOGICAL RESEARCH precipitation came with influxes of air masses from the west, while in July of 1993 to 1995, the main precipitation came with western cyclones (Table 4 and Figure 8a ). These results are in agreement with the nature of the synoptic processes (Table A1 , Appendix A). Air mass influxes entering from the west are formed over the Atlantic Ocean, move along middle latitudes over the Mediterranean Sea and traverse high altitudes, while moisture in the western cyclones originates over the Black, Caspian, and Aral seas and is transferred to the central Asia at low altitudes and latitudes. The reliability of seasonal transfer function for f 10seasonal > f 14seasonal (Figure 8b ), when moisture originates over the Atlantic Ocean, was validated by its similarity to the covariance found by Dansgaard and Tauber [1969] , which was obtained from precipitation data for regions located around the North Atlantic: d 18 O = 0.69 T À 13.6. [24] The different isotope-temperature slopes (i.e., 0.56% and 0.43% per 1°C) in transfer functions presented on Figure 8b are the result of different intensity of enrichment of snow by heavy isotopes through evaporation/sublimation. Air masses entering from the west (f 10 > f 14 ) traverse at high altitudes and latitudes and encounter low air humidity and frequent snow-wind storms that causing significant evaporation/sublimation of snow flakes. Western cyclones, which traverse at lower latitudes and altitudes (f 10 < f 14 ), are associated with intensive snowfalls, high air humidity and relatively windless weather. Hence significant amounts of precipitation were not enriched by evaporation/sublimation.
[25] Relationships between seasonal mean oxygen composition averaged in the 1998 firn-ice core layers and seasonal mean air temperatures complement our previous result which established a relationship (d 18 O = 0.6 T À 5.6) between mean air temperature during precipitation deposition and d
18 O for the samples collected at 4100 m in summer months of 1991 and 1992 [Aizen et al., 1996] . The different isotope-temperature slopes for maximum and seasonal relationships (Figures 8a and 8b) are a result of different air temperature amplitude observed in July (4°C, Figure 8a ) or around the year (30°C, Figure 7 , 8).
[26] To estimate the error in calculations of air temperatures from the composition of d
18 O in the 1998 firn-ice core (Figure 8 ), we averaged the measured d
O composition ( Figure 6 ) in snow pit layers corresponding to six precipitation events (Figure 3 ) observed at the Tien Shan meteorological station (Figure 9 ) and the corresponding air temperatures. Taking into account that a summer firn-ice layer observed at 1.05 m is related to a 10 July 1998 event (Figure 3) , the mean distance from the top (d, m) for each of six snowfall events from 10 July to 7 August was calculated using equation (2) and the corresponding d
O values of layers in the 1998 firn-ice core were averaged (Table 5a) :
where d n is distance from the top of 'n' precipitation event (d 0 = 1.05 m, d 6 = 0.0 m, and n = 1, 2, . . ., 6); n is the number of the precipitation event; and S n is precipitation event share of total (i.e., S n = P n /SP n , SP n = 38 mm).
[27] For each event we calculated two mean air temperatures by the relations in Figure 8a which differ depending on whether the 14th or 10th synoptic pattern is prevailing (T f10<f14 and T f10>f14 , Table 5b ) and selected the most appropriate relation for the observed mean air temperature (T d , Table 5b ). In the six cases, five of the inferred synoptic patterns coincided with the observed synoptic Here n is number of event; P n precipitation amount at Tien Shan station. S n is event precipitation share of total (i.e., P n /38); d n is distance from the top to n precipitation event. Figure 8a Observed at 5100 m Figure 8a was 0.33°with the maximum deviation of 0.4°C. The maximum between day temperature changes was 1.7°C; thereby a maximum error was on average 19% but ranged up to 23% of between day temperature changes. However, the transfer function (Figure 8 ) is appropriate, because the divergence was mainly caused by different temporal averaging. The relationships presented Figure 8 are based on the monthly and seasonal air temperature data, while validation was based on daily or event information. Furthermore, some diffusion of water vapor inside the firn could alter the preservation of the initial snow signal [Johnsen, 1977] .
Synoptic Patterns and Major Ions
[28] The ionic content of snow, firn, and ice may be an indicator of moisture and dust sources, and transport and trajectories of air masses, (Table A1 , Appendix A). To identify different sources of moisture and dust, the mean seasonal ionic content in the 1998 firn-ice core and snow pits was compared with the frequency of synoptic patterns using correlation analysis (Table 6) .
[29] During winter, the solute content of snow deposited in the 1998 firn-ice core was correlated with the frequency of development of a Siberian High southeastern periphery (type 9a) (r = 0.84; Table 6 ). During anticyclonic conditions, strong northern and northwestern winds develop and transport natural and anthropogenic aerosols to central Tien Shan from western Kazakhstan (Aral Sea) and the Fergana valley, which are mostly snow-free during winter.
[30] The high levels of potassium, calcium and magnesium in summer layers of old snow, ice and firn are associated with the development of thermal depressions (type 11) when dust from the central Asia deserts is transferred over the region. For example, the maximum ionic concentration of 462 mEq/L (Table 2b ) was observed in snow samples from 1996/1997 layers at times with increased frequency of thermal depressions (type 11) and associated with strong dust storms (f 11 = 18, Table 4 ).
[31] During spring and autumn, the main synoptic processes, which control the solute content of snow in the 1998 firn-ice core, except for NH 4 À , were southern cyclones (types 1-3 and 13) (r = 0.88, Table 6 ) that formed mostly over the Figure 10 . Relationship between Na + and Cl À composition in the (a) firn-ice 1998 core and (b) new snow during the prevalence of different synoptic patterns. south of Caspian Sea, Iran, southern Turkmenistan, and western Afghanistan. Dust storms strengthen during development of southern cyclones [Hydrometeo, 1986] . Hence solonchaks (alkali soils), widespread in deserts of Turkmenia and the Caspian Lowland, could be the source of soluble salts, such as carbonates and gypsum. The southern cyclones and thermal depressions may deposit dust on the Inilchek Glacier.
[32] Changes in ammonium and nitrate in spring and summer 1998 firn-ice core layers are associated with increasing frequency of northwestern advection (type 5) (Table 6) , which originate over the southern Urals and pass through western Kazakhstan. Both western Kazakhstan and the southern Urals are industrial areas and are potential sources of pollution.
[33] During maximum precipitation in spring and summer, content of sodium and chloride in 1998 firn-ice core layers is associated with the frequency of influxes of air masses from the west (type 10), which originated over the Atlantic Ocean, Mediterranean and Black seas and western cyclones (type 14), which mainly bring moisture from Black, Caspian and Aral seas (Table 6) .
[34] The ratio between Na + and Cl À ions in 1998 firnice core samples ( Figure 10a ) and in new-snow samples ( Figure 10b ) shows a lesser departure from the seawater Na + /Cl À ratio during the years, seasons and events with prevailing influxes of air masses entering from the west compared to times when western cyclones dominated. The influxes of air masses entering from the west have a strong marine component and originate mainly over the Atlantic Ocean and Mediterranean Sea, while the western cyclones originate mainly over the Black, Caspian and Aral seas (Table A1 , Appendix A).
[35] To evaluate the link between the geochemistry of 1998 firn-ice core profile and circulation dynamics, we averaged the measured major ion content (Table 2b) in snow pit layers (Figure 3 ) corresponding to six precipitation events observed at the Tien Shan meteorological station (Figure 9 ). Changes in new snow chemistry during and between events were compared with synoptic patterns (Table 2b ). The main precipitation was brought during influxes of air masses from the west (type 10) and western cyclones (type 14). Low ionic concentrations of potassium, magnesium and calcium in new-snow were observed during three events associated with the 10-th synoptic pattern (Table 2b ). High ionic concentrations were observed during two snowfalls associated with western cyclones. During the snowfall of 11 -12 July, high concentrations of calcium, sulfate and ammonium were associated with type 11, when dust is transferred from the Kara Kum and Kizil Kum deserts. Thermal depression followed after the western cyclones (i.e., 14 July). In precipitation related to the second snowfall (31 July to 1 August), high ionic concentration is attributed to high content of sodium and chloride. High ionic concentrations of magnesium and calcium were observed in 22 July during the N-NW cold advection (type 5).
Conclusion
[36] The technique of coupling synoptic climatology and meteorological data with d
18 O and major ion content recorded in firn cores from central Asian glaciers was developed in order to determine climate-related signals and to identify the origin and trajectories of moisture. The dating and examination of snow accumulation through oxygen isotope records in the 1998 firn-ice core and precipitation data from the nearest meteorological station allowed us to determine the distribution of seasonal accumulation, seasonal differentiation of major ionic content and seasonal sources of moisture for the Inilchek glacierized massif. The d 18 O-temperature relationships in snow accumulation from the Tien Shan glaciers were quantified and indicated the regional differences in seasonal air mass moisture sources and their trajectories. These d
18 O-temperature relationships were verified using snow pit samples and six precipitation event data.
[37] The sources of moisture and the trajectories of air masses bringing precipitation to the Tien Shan were inferred by evaluation of the physical processes controlling the oxygen isotope content in snow accumulation with special emphasis on synoptic weather patterns. The d
18 O relationship for precipitation accumulated during air mass influxes entering from the west corresponded to evaporation from the ocean under conditions near equilibrium [Dansgaard and Tauber, 1969] . More negative values of d
18
O were observed in snow precipitated from air masses originating over the Atlantic Ocean when moisture is transferred at higher latitudes and altitudes, than in snow due to other synoptic processes, which brought water vapor from closer sources, over lower latitudes and altitudes.
[38] In addition to the analysis of oxygen isotope content, identification of synoptic patterns through major ion records has inferred the locations of the moisture sources and trajectories of air masses, which brought precipitation to the Tien Shan. The lowest annual d O, maximum concentrations of sodium and chloride, and minimum concentrations of potassium, magnesium and calcium.
[39] The technique used here complements a wellknown method for determining the precipitation origin through the deuterium excess and will be used for climatic and environmental reconstruction of snow accumulation, D08304 AIZEN ET AL.: ICE CORE GLACIOCLIMATOLOGICAL RESEARCH Subbotina [1995] identified fourteen types of macrosynoptic processes ( Figure A1 and Table A1 ) for central Asia based on data derived from synoptic maps. There are three subtypes of 9th type, two subtypes of 12th type, and two subtypes of 13th. Also there is 15th type, which is rarely observed over the Tien Shan. The data on frequency of synoptic patterns are available for the central, northern, northeastern and southwestern regions in central Asia; each region has area over 1.5 Â 106 km 2 .
[41] The error on existing scheme (Table A2 ) was caused by the cases when two synoptic patterns was observed simultaneously (i.e., one is beginning while other is ending). The difference between the mean frequencies of the main synoptic patterns determined with and without considering these cases was estimated to be 0.1-0.3 events [Voinova et al., 1983] . [Hydrometeo, 1986; Il'inova et al., 1965] 
